The root of Polygonum multiflorum Thunb (PM) has been used in China to treat a variety of diseases, such as constipation, early graying of the hair and hyperlipemia. Recent evidence shows that PM causes idiosyncratic drug-induced liver injury (IDILI) in humans. In this study, we investigated the molecular basis of PM-induced liver injury in a rat model of IDILI based on a non-hepatotoxic dose of LPS. SD rats were orally administered 3 potentially hepatotoxic compounds of PM: cis-stilbene glucoside (cis-SG, 50 mg/kg), trans-SG (50 mg/kg) or emodin (5 mg/kg), followed by injection of LPS (2.8 mg/kg, iv). Serum and liver histology were evaluated 7 h after LPS injection. Among the 3 compounds tested, cis-SG, but not emodin or trans-SG, induced severe liver injury in rats when combined with LPS. The levels of AST and ALT in plasma and inflammatory cytokines in both plasma and liver tissues were markedly elevated. The liver tissues showed increased injury, hepatocyte apoptosis, and macrophage infiltration, and decreased cell proliferation. Microarray analysis revealed a negative correlation between peroxisome proliferator-activated receptor-γ (PPAR-γ) and LPS/cis-SG-induced liver injury. Immunohistochemical staining and RT-PCR results further confirmed that cis-SG significantly inhibited activation of the PPAR-γ pathway in the liver tissues of LPS/cis-SG-treated rats. Pre-treatment with a PPAR-γ agonist pioglitazone (500 g/kg, ig) reversed LPS/ cis-SG-induced liver injury, which was associated with inhibiting the nuclear factor kappa B (NF-κB) pathway. These data demonstrate that cis-stilbene glucoside induces immunological idiosyncratic hepatotoxicity through suppressing PPAR-γ in a rat model of IDILI.
Introduction
PM, the root of Polygonum multiflorum Thunb, has been used for several decades as an herbal treatment in East Asia and some parts of North America. PM extracts have been shown to exert different pharmacological effects and have been used to treat a wide variety of diseases, such as constipation, early graying of the hair and hyperlipemia [1, 2] . Similarly to other traditional Chinese medicines, PM was initially considered to be non-toxic, but reports of hepatotoxicity have recently increased [3] . Several cases of clinically apparent hepatic injuries caused by the administration of PM have been reported, particularly in Hong Kong, mainland China, Korea, Japan, Canada, Britain and Australia. Supervised usage of PM is recommended by drug regulatory agencies in Canada, Britain and Australia [4] . High-performance liquid chromatography has been used to demonstrate that the concentrations of certain compounds differ among chemically processed PM extracts and raw unprocessed extract. In particular, the content of stilbene glycoside is decreased by 55.8% and that of emodin is increased by 34 .0% in processed PM extracts [5] . The processing of Chinese herbal medicines is important because it has been shown to decrease toxicity and alter the therapeutic efficacy of the extracts [5] . PM-induced liver injury may therefore be related to the chemical components of the herbal plant, stilbene glycoside and emodin [5] . Structurally, stilbene glycoside consists of two benzene rings bonded with ethylene, whereas cis-SG is obtained by exposing a trans-SG aqueous solution to ultraviolet light or sunlight [6] . Although the structures are similar, there may be differences between their bioavailability and biotoxicity, as has been observed for resveratrol, perfluoroalkyl substances, and bromopropane [7] [8] [9] [10] . Therefore, it is important to study the bio-toxicity of cis-SG and trans-SG separately to determine their roles in inducing hepatotoxicity.
It has previously been demonstrated that high doses of emodin markedly inhibit the proliferation of L02 and HepG2 cells in vitro [11] , and high doses of emodin induce liver injury in animal models [12] . Although the exact mechanism of PMinduced liver injury is unknown, several studies have reported the occurrence of idiosyncratic reactions that are either related to genetic polymorphisms or immune-mediated hepatic injuries [13] . We have previously found that PM extracts combined with non-hepatotoxic doses of LPS, but not PM extracts alone, cause severe liver injury in an IDILI model. These findings suggest that the PM-induced liver injury in rats is indeed idiosyncratic [14] , but the molecular basis of LPS/PM-induced hepatotoxicity remains to be elucidated. Previous studies have successfully reproduced human idiosyncratic drug-induced liver injury (IDILI) in rats by co-exposure to ranitidine (RAN) and LPS [15] [16] [17] ; therefore, we used RAN as a positive control in this study. The purpose of this study was to assess whether cis-SG, trans-SG and emodin induce liver injury in an idiosyncratic in vivo model.
Materials and methods
Preparation of methanol solutions of trans-SG and cis-SG Cis-SG is not commercially available, owing to its instability in solid form and was therefore obtained from a 5 mg/mL methanol solution of trans-SG by exposure to 365-nm ultraviolet light at room temperature for 40 min. Subsequently, volatilized methanol was added for preservation, and the product was further purified by preparative liquid chromatography, in which the mobile phase consisted of a mixture of methanol, water and formic acid (36:64:0.1; v/v/v) with a flow rate of 60 mL/min. The sample volume was consistent (150 mg in 10 mL of 50% methanol/water), and the detector wavelengths were set at 330 nm and 280 nm. The fractions were collected and freeze-dried. Preparative liquid chromatography was conducted using a Hanbon preparative liquid chromatography system (Hanbon Science & Technology, Jiangsu, China) equipped with an NU3000 series UV detector (dual wavelength channel, 200-400 nm), an NP7000 series pump (0-100 mL/min, maximum pressure 10 mpa), and a Megres C18 column (50 mm×650 mm, 10 μm).
Pure cis-SG was detected with an Agilent 1290 series UHPLC system, and the separation was carried out on a ZORBAX RRHD 300 SB-C18 column (2.1 mm×100 mm, 1.8 μm) (Agilent, USA). The mobile phases used were solvent A (acetonitrile) and solvent B (water spiked with 0.1% formic acid) with isocratic elution: 20% A and 80% B. The total run time was 6 min, and the mobile phase was delivered at a flow rate of 0.2 mL/ min. A trans-SG solution (1 μL) was injected into the column, which was preserved at 25 °C. The spectrophotometer was operated at two wavelengths-280 nm, at which the maximum UV absorbance of cis-SG occurs, and 320 nm, at which the maximum UV absorbance of trans-SG occurs. The chemical structures of cis-SG and trans-SG are shown in Figure 1A .
Animal experiments
Male Sprague-Dawley (SD) rats, weighing 160-190 g, were purchased from the Laboratory Animal Center of the Academy of Military Medical Sciences (certification number SCXK-JUN 2007-004). The animals were given a standard chow diet and water. They were housed in a temperature-and humidity-controlled environment under a 12-h light/dark cycle. All experimental rats were maintained according to the institutional guidelines, and the in vivo procedures were approved by the Committee on the Ethics of Animal Experiments of the 302 Military Hospital (Approval ID: IACUC-2015-035).
The rats were divided into 10 groups on the basis of the treatment: negative control, LPS, cis-SG, trans-SG, emodin, ranitidine, LPS/cis-SG, LPS/trans-SG, LPS/emodin, and LPS/ ranitidine. We selected the doses of cis-SG, trans-SG and LPS on the basis of previous studies, and the dose of emodin was calculated according to the ratio of emodin and stilbene glycoside content in Polygonum multiflorum [18] . The rats in all the groups except the negative control and LPS-treated group were administered the following doses by gavage or injections: the cis-SG group and LPS/cis-SG group were gavaged with 50 mg/kg cis-SG dissolved in 20% sodium carboxymethyl cellulose (CMC-Na), the trans-SG group and LPS/trans-SG group were gavaged with 50 mg/kg trans-SG dissolved in 20% CMCNa, the emodin group and LPS/emodin group were gavaged with 5 mg/kg emodin dissolved in CMC-Na, and the ranitidine group and LPS/ranitidine group were injected through the caudal vein with 30 mg/kg [19] ranitidine dissolved in sterile PBS. After the respective treatments were administered, all the groups except the negative control and drug alone groups were injected through the caudal vein with 2.8 mg/kg LPS (E coli 055:B5, Sigma) dissolved in a sterile saline vehicle solution. Serum and liver histology were evaluated 7 h after LPS stimulation [14] . To study the role of PPAR-γ in inducing liver injury, the rats were also treated with pioglitazone, a selective PPAR-γ agonist. The rats were divided into 6 groups: negative control, LPS, pioglitazone, LPS/cis-SG, LPS/pioglitazone, and LPS/cis-SG/pioglitazone. With the exception of the negative control, LPS and LPS/cis-SG groups, the rats were pretreated with pioglitazone (500 μg/kg, Hainan Honz Pharmaceutical, Haikou, China) by gavage for 2 days. On day 3, the pioglitazone, LPS/pioglitazone and LPS/cis-SG/pioglitazone groups were gavaged with 500 μg/kg pioglitazone dissolved in CMC-Na, whereas, the LPS/cis-SG and LPS/cis-SG/pioglitazone groups were gavaged with 50 mg/kg cis-SG dissolved in 20% CMCNa. After oral administration, all the groups except the nega-tive control and pioglitazone groups were injected through the caudal vein with 2.8 mg/kg LPS dissolved in sterile saline. Blood samples and liver tissues were collected for examination 7 h after LPS stimulation [14] . Ten hours later, blood samples were collected into tubes with anticoagulant to harvest plasma and then centrifuged, and the plasma was stored at −20 °C for further analysis. ALT and aspartate transaminase (AST) were measured in the plasma after one freeze-thaw cycle by using the Reitman-Frankel assay (Nanjing Jianchneg Bioengineering Institute, China). The left lateral lobe of the liver was collected and fixed in 10% formalin for subsequent liver biochemical tests and histopathology. Liver tissues were collected in RNase-free tubes in liquid nitrogen. Frozen tissue samples were stored at −80 °C until processing for protein extraction.
Histopathology and immunohistochemistry
The rat liver tissues were fixed in 10% neutral buffered formalin, embedded in paraffin, sectioned (thickness of 4 μm), and stained with H&E. The following antibodies were used to specifically study hepatocellular proliferation, macrophage infiltration, nuclear translocation of the p65 subunit of NF-κB, and PPAR-γ gene expression: anti-Ki67 rabbit polyclonal antibody (1:500) (Santa Cruz, USA); anti-CD68 rabbit polyclonal antibody (1:500) (Santa Cruz, USA); anti-p65 rabbit polyclonal antibody (1:200) (Cell Signaling Technology, USA); and anti-PPAR-gamma rabbit polyclonal antibody (1:50) (Abcam, UK), respectively. Slides were incubated with a biotin-conjugated anti-rabbit secondary antibody (DAKO, Denmark) followed by peroxidase-conjugated streptavidin (DAKO, Denmark). To visualize the immune complexes, liquid 3,3'-diaminobenzidine (DAB) was used. The sections were counterstained with hematoxylin. TUNEL staining was performed by using an in situ cell death detection kit POD (Roche, Switzerland) according to the manufacturer's instructions. The samples were visualized under a fluorescence microscope (Nikon, Japan) and photographed.
Immunoexpression analysis and quantitative real-time polymerase chain reaction (RT-qPCR) analysis
The serum levels of interferon (IFN)-γ, tumor necrosis factor (TNF)-α, interleukin (IL)-6, IL-1β, and induced nitric oxide synthase (iNOS) were determined by enzyme-linked immunosorbent assay (ELISA; IFN-γ SEA049Ra, IL-6 SEA079Ra, IL-1β SEA563Ra, TNF-α SEA133Ra, iNOS SEA837Ra; Cloud-Clone Corp, Houston, TX, USA) according to the manufacturer's protocol. The intensity of the final colorimetric reaction in proportion to the amount of bound protein was measured with a plate reader (ELx800, BioTek) at 450 nm. The results were calculated using a calibration curve constructed from standard solutions of known concentrations.
IL-6, TNF-α, IL-1β, IFN-γ, PPAR-γ and iNOS in the liver were analyzed using RT-qPCR. Relative quantification was performed with Power SYBR ® Green PCR Master Mix (Applied Biosystems, USA) and a 7500 Real-Time PCR System (Applied Biosystems, USA) according to the manufacturer's instructions. PCR was performed using 100 ng of cDNA. The PCR conditions consisted of AmpliTaq Gold ® Enzyme activation for 10 min at 95 °C, followed by 40 cycles of heating to 95 °C for 15 s and cooling to 60 °C for 1 min. The mRNA levels were normalized to those of GAPDH. Sequencespecific PCR primers were purchased from Invitrogen Corp (Shanghai, China). The following primers were used for PCR: GAPDH: sense, 5′-GGCAAGTTCAATGGCACAGT-3′; antisense, 5′-TGGTGAAGACGCCAGTAGACTC-3′. IFN-γ: sense, 5′-AAAGACAACCAGGCCATCAG-3′; antisense, 5′-CTG-GATCTGTGGGTTGTTCA-3′. IL-6: sense, 5′-ACCACCCA-CAACAGACCAGT-3′; antisense, 5′-ACAGTGCATCATTC-GCTGTTC-3′. IL-1β: sense, 5′-TGACTCGTGGGATGAT-GACG-3′; antisense, 5′-CTGGAGACTGCCCATTCTCG-3′. TNF-α: sense, 5′-GCTCCCTCTCATCAGTTCC-3′; antisense, 5′-CTCCTCTGCTTGGTGGTTTG-3′. PPAR-γ: sense, 5′-TGTG-GACCTCTCTGTGATGG-3′; antisense, 5′-CATTGGGT-CAGCTCTTGTGA-3′; and iNOS: sense, 5′-AGCGGCTC-CATGACTCTCA-3′; antisense, 5′-TGCACCCAAACAC- 
CAAGGT-3′.
Western blot analysis Lysis buffer (RIPA, Beyotime, China) was used to isolate total proteins from the liver samples. Aliquots from each sample containing equal amounts of protein (100 mg) were boiled for 10 min, separated by 12% SDS-polyacrylamide gel electrophoresis and electro-transferred onto a nitrocellulose membrane. The membranes were then incubated in blocking buffer containing 5% nonfat milk in 0.1% Tris-buffered saline containing Tween 20 (TBST) for 2 h at room temperature. The following primary antibodies diluted in TBST were added, and the membranes were incubated at 4 °C overnight: β-actin (1:1000), PPAR-γ (1:400), and IκB-α (1:1000). The membranes were then washed three times (5 min each) in TBST and incubated with goat anti-rabbit HRP-conjugated secondary antibody (1:3000, Santa Cruz Biotechnology, USA) for 2 h at room temperature. The protein bands were visualized by the chemiluminescence detection method, and digital images were taken by an automatic digital gel image analysis system (Tanon-4200, Tanon, Shanghai, China). The protein bands were quantified by densitometry scanning using the AlphaEaseFC 4.0 software (Alpha Innotech Corp, San Leandro, CA, USA). The quantitative densitometry values of PPAR-γ and IκB-α were normalized to those of β-actin.
Microarray experiments
Gene expression profiling was conducted with samples from rats treated with LPS/cis-SG and LPS/trans-SG by using a Rat Gene Expression Microarray (Agilent Technologies). The core set of probe clusters was used in a Crystal Core ® cRNA amplification tag kit (CapitalBio Corporation, Beijing, China). The dataset was imported into GeneSpring GX (Agilent Technologies), and one-way analysis of variance (ANOVA) and principal component analysis were then used to evaluate differences in gene expression between the LPS/cis-SG and LPS/trans-SG groups. Genes with P ≤ 0.05 and an absolute fold change of at least 2 were clustered and visualized using a cluster gram heat map. The list of differentially expressed genes was loaded into KEGG (www.genome.jp/kegg/) to conduct biological network and functional analyses.
Cells and cell culture
Human L02 hepatocytes were purchased from the China Center for Type Culture Collection (Wuhan, China) and were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS) supplemented with penicillin (100 U/mL) and streptomycin (100 μg/mL). The cells were maintained at 37 °C in a humidified atmosphere of 5% CO 2 . All cell culture reagents were obtained from GIBCO (MD, USA).
Cell proliferation assays
Cell proliferation assays were performed using a Cell Counting Kit-8 (CCK-8; Dojindo, Kumamoto, Japan) according to the manufacturer's protocol. , and 246 μmol/L) diluted in cell culture medium was added to each well, and the plates were incubated at 37 °C for 24 h. After incubation, the wells were washed with PBS, CCK-8 (10%) diluted in cell culture medium was added to each well, and the plates were incubated for 40 min at 37 °C. Cell proliferation was determined by measuring the absorbance at 450 nm by using a Synergy H2 microplate reader (Biotek Instruments, USA).
Statistical analysis
All data are expressed as the mean±SEM. A paired Student's t-test and ANOVA were performed to evaluate differences between groups. The statistical analysis was performed using SPSS software (SPSS version 22.0, Chicago, IL, USA). P<0.05 was considered statistically significant.
Results
UV-induced isomerization of stilbene As described previously, we used ultraviolet radiation to convert trans-SG to cis-SG [6] . Additionally, cis-SG was purified by preparative liquid chromatography, and UHPLC was used to determine the relative proportions of trans-SG and cis-SG. UHPLC allowed for quick and efficient separation of trans-SG and cis-SG. The trans-SG eluted first, with a retention time of 3.3 min, followed by cis-SG at 2.3 min, thus indicating a noticeable difference in the hydrophobicity of these two compounds ( Figure 1B, 1C) .
Development of liver injury in rats co-treated with LPS and cis-SG To directly evaluate the effects of cis-SG and trans-SG on hepatocytes, we measured their cytotoxicity by using CCK8 assays. The results showed that up to 24 h of exposure to cis-SG and trans-SG did not alter the viability of L02 cells, thus suggesting that these compounds do not induce hepatic parenchymal cell injury (Supplementary Table S1 ). We have previously reported that PM administered alone does not induce liver injury in vivo; however, PM extracts combined with nonhepatotoxic doses of LPS cause liver injury [14] . Therefore, in this study, we evaluated the effects of cis-SG and trans-SG on hepatoxicity in an in vivo LPS model.
As shown in Figure 2 , no significant differences were observed in the levels of plasma ALT and AST in rats administered a non-hepatotoxic dose of LPS compared with control rats. Co-treatment with LPS and cis-SG or ranitidine (RAN), but not trans-SG and emodin, resulted in significantly increased plasma ALT and AST levels. Moreover, there were no significant differences in the levels of AST and ALT in rats treated with cis-SG, trans-SG, emodin or ranitidine alone (Figure 2A and B) .
It has been previously reported that co-treatment of the positive control drug ranitidine with LPS causes inflammation and necrosis in the liver [20] . Histopathological analysis of the liver tissues from rats treated with LPS/cis-SG and LPS/RAN revealed similar results (increased inflammatory lesions). In Figure 2B ). LPS is known to stimulate the immune system, thus eventually leading to increased secretion of inflammatory mediators involved in cell proliferation and apoptosis. Here, we evaluated both apoptosis and cell proliferation by immunocytochemistry. Hepatocellular proliferation was quantitatively estimated after Ki67 staining, and we observed significantly decreased cell proliferation in the livers of rats treated with LPS/cis-SG or LPS/RAN compared with control rats. In addition, no obvious changes in hepatocellular proliferation were observed in the control, LPS, LPS/trans-SG, cis-SG, or trans-SG groups ( Figure 2C ). Liver cell apoptosis was determined by TUNEL staining. Apoptotic cells were occasionally found in the livers of rats from most of the treatment groups, whereas the apoptosis rate was significantly higher in the livers of rats treated with LPS/cis-SG and LPS/RAN ( Figure 2D ).
LPS/cis-SG modulates the expression of inflammatory cytokines
in an LPS/cis-SG-induced liver injury model LPS binds to Toll-like receptor (TLR) 4 on the surface of macrophages and promotes the activation of the NF-κB signaling pathway. Sustained activation of the NF-κB signaling pathway induces overexpression of various inflammatory cytokines and chemokines, thus ultimately leading to inflammation and liver parenchymal cell injury [21, 22] . To elucidate the inflammatory responses induced by the PM extracts, we quantified the levels of IL-1β, IL-6, TNF-α and IFN-γ in plasma and liver tissues by both ELISA and RT-qPCR. As shown in Figure  3 , LPS stimulation significantly increased the levels of IL-1β, IL-6, TNF-α and IFN-γ mRNA and protein compared with those in the control group. Interestingly, the expression of these cytokines was increased significantly at both the mRNA and protein levels in the LPS/RAN or LPS/cis-SG groups compared with the LPS group, whereas the expression levels in all other groups were comparable ( Figure 3A, 3B) .
Macrophages are the main effector cells involved in hepatic injury after LPS stimulation and are well characterized as a target of LPS in the liver [23] . Therefore, we investigated the recruitment of macrophages to the site of liver injury by staining the tissue with the macrophage-specific marker CD68. The liver tissues from rats in the control, LPS/trans-SG, cis-SG and trans-SG groups exhibited mild staining for CD68 (+) macrophages. However, the number of CD68 (+) macrophages increased dramatically in the livers of rats co-treated with LPS and cis-SG or RAN, compared with rats in the LPS group, thus indicating significantly up-regulated macrophage infiltration ( Figure 3C ).
The PPAR-γ signaling pathway is down-regulated in LPS/cis-SGinduced liver injury
To understand the possible signaling pathway involved in LPS/cis-SG-induced liver injury, we analyzed liver gene expression patterns by using a 13 K cDNA microarray and cluster analysis of the significantly regulated genes (P<0.05) Figure 4A ). A total of 5342 genes had significant differences that were over two-fold. One hundred twenty-six genes were down-regulated, and 57 genes were up-regulated in the LPS/ cis-SG-treated group compared with the LPS/trans-SG-treated group (Supplementary Table S2 , S3). All the differentially expressed genes were entered into the KEGG database for pathway analysis, and 138 pathways were matched (Supplementary Table S4 ). Of these pathways, 30 were differentially regulated in the LPS/cis-SG-treated group compared with the LPS/trans-SG-treated group (Supplementary Table S5) , and those that were significantly down-regulated are shown in Figure 4B . Notably, the Fabp2, Cyp8b1, Rxrg, Hmgcs2 and Acox2 genes, which are involved in PPAR-γ signaling, showed significantly altered expression ( Figure 4C ).
To validate the microarray data, we analyzed the expression of PPAR-γ in LPS/cis-SG-induced liver injury by immunohistochemical staining and RT-qPCR. The expression of PPAR-γ was significantly decreased in rats treated with LPS/cis-SG compared with that rats treated with LPS or cis-SG alone (Figure 5A , 5B). LPS induces the expression of iNOS in macrophages, and PPAR-γ agonists have been shown to negatively regulate iNOS expression [24] . In line with the results from these previous reports, we detected significantly up-regulated levels of iNOS protein in LPS/cis-SG-treated rats compared with cis-SG-treated rats ( Figure 5C ).
Effect of pioglitazone on LPS/cis-SG-induced hepatic injury
It has been previously reported that pioglitazone, a PPAR-γ agonist, antagonizes inflammatory responses through the transrepression of NF-κB target genes and prevents alcoholic liver disease through the abrogation of Kupffer cell sensitization to LPS [25] . To further validate the role of PPAR-γ in the LPS/cis-SG model, we pretreated rats with pioglitazone for 3 days and then established an LPS/cis-SG-induced liver injury model. Plasma analysis revealed no differences in ALT and AST activities among the control, LPS, pioglitazone and LPS/ pioglitazone groups. Significantly increased ALT and AST activities were detected in the LPS/cis-SG group, but this increase was almost completely blocked by the administration of pioglitazone ( Figure 6A ). Animals given pioglitazone and LPS/pioglitazone showed normal liver histology. However, the livers of rats in the LPS/cis-SG group showed pronounced focal necrosis and neutrophil infiltration. In contrast, overt necrosis was absent in the LPS/cis-SG/pioglitazone group, which displayed only minor infiltration of inflammatory cells ( Figure 6B ). We further evaluated the effects of pioglitazone on the proliferation and apoptosis of hepatic parenchymal cells in injured liver tissues. We observed significant inhibitory effects of LPS/cis-SG on the expression of Ki67 in hepatic parenchymal cells, and this inhibitory effect on cell proliferation was markedly reversed when pioglitazone was co-administered with LPS/cis-SG ( Figure 6C ). Furthermore, using TUNEL staining, we observed significantly increased cell apoptosis in liver sections from rats treated with LPS/cis-SG. However, co-administration of pioglitazone with LPS/cis-SG reversed this effect on cell apoptosis. Apoptotic cells were occasionally found in the livers of rats in the control, LPS, pioglitazone and LPS/pioglitazone groups ( Figure 6D ).
Pioglitazone decreases the production of inflammatory cytokines in the LPS/cis-SG-induced hepatic injury model It has been reported that the activation of PPAR-γ decreases liver injury by enhancing PPAR-γ DNA-binding activity and decreasing NF-κB p65 transcriptional activity [26] . Therefore, we evaluated the expression of PPAR-γ, p65 and IκB-α through immunohistochemical staining and Western blotting and quantified the inflammatory cytokines IL-6, IFN-γ, IL-1β and TNF-α by both ELISA and RT-qPCR.
We found greatly increased levels of TNF-α and IL-1β mRNA and protein in the livers and plasma of rats treated with LPS and LPS/cis-SG; however, the levels were significantly lower in the LPS/cis-SG/pioglitazone group than in the LPS/cis-SG group. The levels of TNF-α and IL-1β protein in the livers of control, LPS, and LPS/pioglitazone rats were not significantly different ( Figure 7A ). Additionally, increased levels of IFN-γ and IL-6 mRNA were detected in the livers of rats treated with LPS compared with control rats, whereas the significantly increased levels in the LPS/cis-SG group were inhibited by co-administration of pioglitazone ( Figure 7B ).
CD68 staining of the liver tissue showed increased macrophage infiltration in rats treated with LPS and LPS/cis-SG, and the co-administration of pioglitazone with LPS/cis-SG attenuated this effect on macrophage infiltration ( Figure 7C ). To study NF-κB activation in LPS/cis-SG-induced hepatic injury, we analyzed the levels of p65 in the nuclei of liver cells by immunohistochemistry. We found significantly increased p65 levels in the livers of rats treated with LPS, LPS/pioglitazone, LPS/cis-SG and LPS/cis-SG/pioglitazone compared with control rats. The levels of p65 were dramatically increased compared with those in the LPS group; however, the LPS/cis-SG/ pioglitazone group appeared to have lower levels ( Figure 7D ).
Western blot analysis revealed constitutive expression of both PPAR-γ and IκB-α in the liver tissues of control and LPStreated rats. The protein levels of IκB-α and PPAR-γ were dramatically lower in the LPS/cis-SG-treated group compared with the LPS-treated group. Pioglitazone co-administration increased the protein levels of PPAR-γ and IκB-α, which were inhibited by LPS/cis-SG ( Figure 7E ). Together, the data indicated that pioglitazone not only inhibits the nuclear translocation of NF-κB p65 but also inhibits the degradation of its upstream inhibitory protein IκB-α. Pioglitazone also increased the activation of PPAR-γ and the nuclear translocation of NF-κB p65 in the LPS/cis-SG-treated group.
Discussion
IDILI is a type of idiosyncratic drug reaction that occurs in a small fraction of people taking a drug and has an unclear association with dose or duration of therapy [15] . IDILI is mainly thought to be correlated with polymorphisms affecting drug metabolism genes, inflammatory stress or episodes of modest inflammation occurring during drug therapy [27] . A low dose of LPS co-administered with certain drugs has been shown to evoke mild concurrent inflammation in animals that mimic human IDILI [28] . Several drugs, including trovafloxacin, chlorpromazine, diclofenac, and RAN, that cause human IDILI, have been shown to induce hepatotoxicity in an idiosyncratic LPS-induced in vivo model [29, 30] . In the present study, we found that cis-SG combined with LPS not only induced the levels of plasma ALT and AST but also caused liver injury similar to that observed with LPS/ RAN, whereas trans-SG and emodin did not induce liver injury. LPS activates macrophages, causing them to produce various inflammatory mediators such as IL-6 and TNF-α, which in turn directly or indirectly damage surrounding cells and tissues [31] . Our results showed decreased Ki67 staining (marker for cell proliferation) and increased TUNEL staining (marker for apoptosis) in rats treated with LPS/cis-SG or LPS/ RAN, thus indicating increased cell death caused by LPS/cis-SG. Similar results were obtained when we evaluated inflammatory mediators (IFN-γ, IL-1β, IL-6 and TNF-α) and CD68 + macrophage expression. Our data suggested that a modest inflammatory response triggered by a non-hepatotoxic dose of LPS may decrease the hepatotoxicity threshold for cis-SG, thus inducing idiosyncratic liver injury and resulting in increased inflammatory cell infiltration, liver cell apoptosis, and inflammation.
Our microarray data revealed that the PPAR-γ pathway was negatively correlated with LPS/cis-SG-induced liver injury. PPAR-γ is an isotype of the peroxisome proliferator-activated receptors (PPARs), members of the type II nuclear receptor superfamily of transcription factors [22] . PPAR-γ is mainly involved in lipid and glucose metabolism, cell proliferation and apoptosis, regulation of food intake and body weight [10] . In addition to these roles, PPAR-γ has also been shown to regulate inflammation via diverse mechanisms [28] . Nonsteroidal anti-inflammatory drugs (NSAIDs), 15-deoxy-Δ 12,14 -prostaglandin J 2 [32] , and thiazolidinediones (e.g., rosiglitazone, pioglitazone, troglitazone), members of a new class of oral antidiabetic agents, are known PPAR-γ agonists. It has previously been reported that activation of PPAR-γ by its agonists results in an anti-inflammatory response in animal models of endotoxemia and sepsis [33] . In addition, pioglitazone, through PPAR-γ activation, can block TNF-α and abrogate Kupffer cell sensitization to LPS, thereby inhibiting inflammation in alcoholic liver disease [25] . Accordingly, we investigated whether pioglitazone could inhibit inflammation in LPS/cis-SG-induced liver injury by evaluating the liver function and inflammatory cytokines. The results revealed that co-treatment with pioglitazone and LPS/cis-SG attenuated cell apoptosis and hepatic injury and decreased the levels of plasma AST/ALT and inflammatory mediators, which were induced by LPS/cis-SG.
PPAR-γ has been shown to exert anti-inflammatory effects by decreasing the DNA-binding activity of NF-κB and directly targeting IκB-α and inhibiting NF-κB nuclear translocation, thereby decreasing cytokine production and tissue injury [34] [35] [36] . Moreover, the expression of PPAR-γ is down-regulated in macrophages after LPS stimulation [37] . Analyses of PPAR-γ, IκB-α and p65 expression by Western blotting and immu- nocytochemistry demonstrated increased levels of p65 and decreased IκB-α and PPAR-γ expression in LPS/cis-SG-treated rats; however, pioglitazone pretreatment reversed the effects of LPS/cis-SG. The data suggested that LPS/cis-SG induced liver injury via PPAR-γ down-regulation, thus further leading to activation of the NF-κB signaling pathway. These events together aggravate the inflammatory response and damage hepatocytes and eventually cause liver injury. On the basis of previous studies and the data presented here, we suggest that cis-SG is the major factor responsible for PM-induced liver injury, but it is not the only component. We hypothesize that when the body is in an inflammatory state, the compounds in PM may further promote the immune response and cell apoptosis in the liver. Although the underlying mechanisms are not fully validated, our results reveal the immune mechanism of PM-induced hepatic injury and provide a foundation for future research on similar traditional Chinese medicines.
In summary, our results demonstrate that modest inflammatory responses triggered by a non-hepatotoxic dose of LPS potentiate cis-SG-induced liver injury in rats by down-regulating PPAR-γ. Furthermore, pioglitazone inhibits the occurrence of LPS/cis-SG-induced liver injury, thus suggesting that PPAR-γ agonists may be used as preventive drugs to decrease Figure 7C -7E. Representative micrographs of CD68 (C) and p65 (D) staining in the liver tissues obtained from rats subjected to different treatment conditions (×200). The CD68 integral optical density (IOD) and p65 IOD were calculated by using Image-Pro Plus 6.0. (E) The protein levels of PPAR-γ and IκB-α in the liver tissues of rats subjected to different treatment conditions were detected by Western blotting. Densitometry analysis was used to calculate the protein levels of PPAR-γ and IκB-α, which were normalized to those of β-actin. The results are represented as mean±SEM. 
